Melilotus is an important genus of legume plants and an herbage with excellent nitrogen fixation; it can tolerate extreme environmental conditions and possesses important medicinal value. However, there is limited genetic information about the genus; thus, we analysed four chloroplast loci (rbcL, matK, psbA-trnH and trnL-F) and one nuclear region (ITS) to determine the genetic diversity of 199 accessions from 18 Melilotus species. The rbcL and matK sequences were highly conserved, whereas the trnL-F and ITS sequences contained variable and parsimony-informative sites. In our analyses of the single and combined regions, we calculated the pairwise distance, haplotype and nucleotide diversity and gaps and then constructed phylogenetic trees to assess the genetic diversity, and our results revealed significant variations among the different accessions. The genetic distance values were between zero and nine, and based on the combined regions, the highest frequency value was approximately four. Melilotus showed high haplotype and nucleotide diversity, particularly in the ITS sequences, with values of 0.86 and 0.0087, respectively. The single ITS sequence, psbA-trnH, and the combined matK+rbcL+trnL-F (MRT) and matK+rbcL+psbA-trnH+trnL-F+ITS (MRPTI) regions showed interspecific variation in the gap analysis. Phylogenetic trees calculated using ITS, psbA-trnH and MRPTI sequences indicated distinct genetic relationship in 18 species, and these species could be divided into two groups. By determining the genetic diversity of plants, we can evaluate the genetic relationships among species and accessions, providing a basis for preserving and utilizing the genetic resources of Melilotus.
Introduction
The genus Melilotus (sweet clover) consists of 19 annual and biennial species and belongs to the tribe Trifolieae of the legume family. Almost all species are native to North Africa or Eurasia, and manys can be found in North of China and Central Asia [1, 2] . Melilotus is an [3] . Compared with other forages, the members of Melilotus can tolerate extreme environmental conditions, such as drought, cold, and high salinity [1, 4] , and its nitrogen fixation rate is higher than that of other legumes, which can increase soil fertility [5] . Additionally, Melilotus is valuable because of its coumarin content [6] , and thus represents a possible medicinal plant resource. Due to its affordability and abundance as well as its potential market value, Melilotus is worthy of further investigation [6] . Genetic diversity within a particular species helps plants adapt to various environmental conditions, such as fluctuating climate and soil conditions; thus, assessing the diversity of available plant genetic resources is necessary to identify the genes associated with useful biological functions that can then be rationally integrated to design new varieties [7] . Plant genetic diversity has gained increasing attention because of the increase in human population as evidenced by rapid urbanization and the conversion of cultivable lands. These are the critical factors contributing to food insecurity in the developing world [8] . Consequently, the Consultative Group for International Agricultural Researches has begun establishing research centres and gene banks to conserve the plant genetic resources of staple food crops around the world, such as maize from Mexico, rice from North China and potatoes from Peru (for more information, see http://www.cigar.org/center/index.html).) The purpose of this organization is to maintain genetic diversity and to provide tools for population monitoring and assessment that can be used for conservation planning [9] . Forage crops also play an increasing role in farming system with the emphasis on development of sustainable agricultural production and the researches about genetic diversity on forage will assume greater importance for germplasm collections and breeding work [10, 11] . Genetic diversity assessments are performed using morphological, biochemical and DNA marker analyses. Based on further studies on biological resources, improvements of molecular biology technology, the maturation of amplification and sequencing technologies, and decreases in costs, DNA markers have become the primary method of analysing genetic diversity. Currently, a wide range of DNA markers have been employed to assess genetic diversity, and these include random amplified polymorphic DNA (RAPD) has been adopted in bamboo [12] , restriction fragment length polymorphisms (RFLPs) in rice [13] , amplified fragment length polymorphisms (AFLPs) in walnuts [14] , simple sequence repeats (SSRs) in potato [15] , single nucleotide polymorphisms (SNPs) in wheat [16] , and chloroplast DNA (cpDNA) in Brassica napus [17, 18] .
A previous study showed that the leaves, flower colour and structure, and pod and seed characteristics of Melilotus present extensive variation [19] , and the agronomic and quality traits of 19 Melilotus species have been evaluated [20] . However, there is limited genetic information regarding Melilotus because previous research has concentrated on morphology, cultivation techniques and chemical composition, but SSR marker analyses have shown that Melilotus is highly diverse, which is indicative of high allelic richness in the accessions [21] . Understanding the genetic diversity of the plant will enable its genetic material to be preserved as a resources, such as in gene banks and DNA libraries [8] . Additionally, determining the genetic variability in crops provides useful information for breeders developing of new varieties. Cytoplasmic chloroplast genomes (cpDNA) have been widely employed as reference DNA to evaluate population-level genetic diversity [22] . Cytoplasmic chloroplast genomes isinherited highly conservatively in most angiosperms [23] , and it has a simplex genome structure and shows vegetative segregation, intracellular selection, and reduced recombination [24, 25] . The genetic diversities of Brassica napus, Brassica rapa and Brassica oleracea and their genetic relationships have been finely determined at the cpDNA level [17] , and their cpDNA sequences have been used for determinations of genetic structure and population variability in genetic comparisons of Iranian Asafetida (Ferula assa-foetida L.) populations [26] . Accordingly, adopting several regions that cover nuclear DNA and cpDNA might be an effective strategy for evaluating genetic diversity [27, 28] . To further study the genetic diversity of and acquire molecular data on Melilotus, we used five sequences, including rbcL, matK, psbA-trnH and trnL-F and ITS, to assess the genetic diversity within 18 species.
Materials and methods

Plant materials
Seeds for sampling were selected from 151 accessions from the National Gene Bank of Forage Germplasm (NGBFG, China) and 48 accessions from the National Plant Germplasm System (NPGS, USA) for a total of 199 accessions representing 18 Melilotus species (S1 Table) . The NGBFG accessions were mainly distributed in North China and adjacent areas such as Russia, whereas the NPGS accessions were mainly distributed in other regions. Because of their hardness, we rubbed the Melilotus seeds between two pieces of sand paper for 1 min, and the seeds were then germinated at 24˚C after incubation over a 16-h light/8-h dark cycle. Ten days later, approximately 20 seedlings of each accession were collected and maintained at -80˚C until assayed.
DNA extraction, amplification, and sequencing
Total genomic DNA was extracted from whole seedlings using the SDS (sodium dodecyl sulphate) method [29] . For each accession, two to three DNA samples were extracted, and we selected one sample that revealed a proper DNA concentration for sequencing to minimize errors. Five sequences (four chloroplast regions, rbcL [30] , matK [31] , psbA-trnH [32] and trnL-F [33] and one nuclear gene, ITS [34] ) were amplified and sequenced (for the primer sequences, see S2 Table) . Amplification was performed by polymerase chain reaction (PCR) in 25-μL mixtures containing 12.25 μL of 2×reaction mix, 0.25 μL of Golden DNA polymerase, 2 μL of each primer (1 μmol / mL), 2 μL of template genomic DNA (50 ng/mL) and 6.5 μL of deionized water as follows: 3 min at 94˚C, 35 cycles of 30 s at 94˚C, 30 s at 53˚C, and 50 s at 72˚C (the annealing temperature and extension time varied according to the sequences, see S2 Table) , with a final extension of 7 min at 72˚C before holding at 4˚C. The amplified bands of the PCR products were validated by agarose gel electrophoresis and sequenced by Shanghai Shenggong Biotechnological, Ltd. (Shanghai, China).
Data analyses
We used the Contig Express module of Vector NTI Suite 6.0 (InforMax, Inc) to assemble and edit the contigs [35] . Sequences were aligned using DNAMAN 7.0 [36] , and the nucleotide variations were then determined. To calculate the average distances and gaps among the 18 species, several sequences were combined, and the combinations of each accession were assembled such that all sequences were connected end to end in the same order. The genetic diversity of Melilotus was analysed using DnaSP software, and we estimated the genetic diversity of the species based on the five sequences by calculating the pairwise distances for each locus using MEGA 6.0 according to the number of differences model [37] . In addition, the Emboss Needle algorithm (http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html) was employed to analyse the dissimilarities in nucleotide deletions via a pairwise sequence alignment [38] . We used Bayesian method to construct phylogenetic trees and Vicia sativa was adopted as outgroup [36] .
Results
DNA was extracted from 199 individuals representing 18 species of Melilotus. The results of the amplification were preliminarily validated by agarose gel electrophoresis (S1 Fig) . We failed to obtain the PCR products of the psbA-trnH sequence in M. italicus. The PCR and sequencing success rates consistently exceeded 90% by optimizing the PCR amplification conditions.
Alignment and DNA sequence data
The sequence length, GC content, variable sites and genetic distances based on the five sequences in 18 species were analysed and summarized (Tables 1-5, S3 Table) . The lengths of the ITS, matK, rbcL, psbA-trnH and trnL-F sequences were 691, 714, 756, 347 and 673 bp, respectively. Length variations occurred in each region, particularly in trnL-F, which ranged from 431 and 651 bp, but there was little length variation in the sequences of matK and rbcL. Taken together, M. albus, M. elegans, M. officinalis, M. polonicus and M. suaveolens had similar sequence lengths. These species had different GC contents within the psbA-trnH and trnL-F sequences. The average GC content of psbA-trnH was 33.27%: M. siculus and M. spicatus had a higher than average GC contents, and M. indicus had the lowest GC content (31.66%). The average GC content of trnL-F was 33.28%. Melilotus indicus and M. albus had the highest and lowest GC contents, which were 34.60% and 31.56%, respectively.
The sequence diversity of the five loci in Melilotus was summarized, and the genetic diversity in each region of the 18 species was calculated (Tables 1-5, S2 Table) and nucleotide diversity. Melilotus siculus had high haplotype diversity but low nucleotide diversity. Analysis of the other four chloroplast regions showed that the haplotype and nucleotide diversities were lower than those of the ITS sequences. Melilotus infestus showed high 
Genetic distance and similarity
To determine the average distances among the 18 species, we combined several sequences to calculate the pairwise distances (Fig 1) . These combinations included matK+trnL-F (MT), Furthermore, we calculated the similarity, gaps and scores through a pairwise sequence alignment to analyse the intraspecific and interspecific divergence (Figs 2 and 3) . We observed few nucleotide deletions in matK and rbcL, zero gaps, and approximately 100% similarity. A diversity of gaps was observed in the other three single sequences and combined regions. The intraspecific gap value of M. infestus and M. segetalis was large in the ITS sequence and close to zero in the other sequences. Approximately half of the species showed differences in interspecific gaps. M. speciosus had the highest gap value of 0.069. According to the alignment of psbA- Genetic variation and diversity in 199 Melilotus accessions based on a combination of 5 DNA sequences trnH, almost all species showed variations in interspecific gaps. The four species, M. dentatus, M. segetalis, M. spicatus and M. wolgicus, showed high intraspecific diversity in gap values. For the trnL-F sequence, the intraspecific gap value was higher in M. altissimus, M. indicus, M. infestus and M. spicatus, and all species showed high interspecific variation. Only a small difference in the interspecific gap value was observed among the 18 species based on the five sequences except in M. dentatus. After removing the trnL-F sequence, the variation was apparent. A higher diversity was found after removing the ITS and psbA-trnH sequences. To a certain extent, the gap value could reveal the diversity among the sequences in 18 species. 
Cluster analysis
Based on genetic distance and similarity analysis, the ITS and psbA-trnH showed high discriminating in Melilotus. And phylogenetic trees were constructed using the Bayesian method based on the ITS, psbA-trnH respectively, and a combined region of the five sequences (Figs 4  and 5, S2 Fig) . According to the Bayesian trees, all species showed distinct diversity with little mixing and we could divided 18 species into two groups on the basic of clades and branch length in Figs 
Discussion
Melilotus is an important forage and green manure crop with high protein content and the ability to fix nitrogen [39] , and it also plays an important role in soil improvement, is drought resistant and moderately winter hardy, and has good dry matter production [40, 41] . However, there is limited information regarding its morphology, cultivation techniques and chemical composition; thus, genetic diversity analyses based on five sequences were performed in this study to provide a reference for the conservation of genetic resources.
As shown in Tables 1-5 and S2 Table, the trnL-F and ITS sequences provided more variation sites and informative characteristics than the other three sequences. Many studies have reported that ITS sequences have more variable and informative sites than cpDNA [32, 42] : White (1990) found that the ITS sequence conserved its length and presented high nucleotide variability [43] . Chloroplast DNA, which is conservatively inherited, has a simple genome structure [17] and presents differences among populations and individuals in many species [44, 45] . Due to differences in length, the trnL-F region contained more variation sites and greater genetic distances than the other regions in this study. The rbcL and matK sequences were highly conserved in Melilotus, and the similarity among accessions was greater than 99.20% and 98.60%, respectively. The analysis of the five loci showed that the ITS and psbAtrnH sequences had more genetic diversity in Melilotus, whereas rbcL and matK could be used in combination with other sequences. In addition, the intraspecific and interspecific distances calculated using the rbcL and matK sequences were smaller than those of the other sequences. Our results were similar to the findings obtained by Chen, Yao et al [46] , who found that the order of the sequences according to the interspecific distance value (from large to small) was ITS, psbA-trnH, matK and rbcL. Previous researches showed that the rbcL and matK sequences were suitable for analyzing relationship at higher taxonomic levels [47, 48] , and when assessing genetic diversity at the species or genus level, the ITS and psbA-trnH sequences worked better and the combination of several sequences vielded the best result. Moreover, the sequence characteristics in Melilotus could be used in further genetic diversity studies.
Our previous study showed that the SSR marker analysis revealed highly significant differences in genetic differentiation among accessions within Melilotus species accessions [21] . According to the haplotype and nucleotide diversity calculated using the five sequences, Melilotus showed higher diversity, particularly within the ITS sequences, than Euphrasia and Rhododendron [49, 50] , which had a haplotype and nucleotide diversity of 0.86 and 0.0087, respectively. The analysis of gaps in the 18 species revealed a high degree of variation based on the ITS, psbA-trnH and combined MRT and MRPI sequences. Additionally, the distance in Melilotus was significantly higher than that in species of Rhodiola [32] calculated using ITS, rbcL, matK and psbA-trnH regions. Compared with Medicago sativa, Melilotus has not been cultivated commercially and shows higher diversity [21, 51] . In addition, cluster analysis divided 18 species into two groups, which is similar to the results of previous studies [21, 34] . Traditional identification depends on the shape of the torus and flower colour [52] , but plant morphology might vary greatly within a single plant [53] . This research divided Melilotus into two groups according to flower colour. The white group contains four species, M. albus, M. tauricus, M. wolgicus and M. speciosus, and the other species composed the yellow group [53] . However, due to differences in the result of these molecular studies, flower colour has no obvious link with the phylogenetic classification [34] and might not be a reliable basic for classification. Compared with the results in previous studies [21, 34] The significant differences were revealed among Melilotus species, and several, such as M. infestus and M. segetails, showed higher diversity than the others. To reduce the loss of Melilotus genetic resources, it is necessary to strengthen the collection and protection of wild germplasm resources. Current situation of the conservation of genetic resources in Melilotus is too many individuals of M. albus and M. officinalis were collected but the germplasm collections of other species were insufficient. Imbalance of these species is the main problem we are facing in germplasm collection and conservation. Surveys should occur worldwide and more individuals of the species with high diversity revealed by Tables 1-5 might need to be collected. The growing population pressure and urbanization of agricultural lands as well as the rapid modernization of every aspect of our day-to-day activities have caused biodiversity decreased in directly and indirectly, and the large-scale cultivation of genetically homogenous varieties also reduces species diversity and genetic variation [54] . What's more, this study identified additional Melilotus genetic resources for breeding purpose. The loss of genetic diversity has been recognized as the result of a genetic bottleneck imposed on crop plants during domestication and by modern plant-breeding practices [55] ; thus, this research could provide a reference for the conservation of genetic resources that currently exist for the future breeding work.
Our results identified the characteristics of five sequences in Melilotus and indicated that analyses of these regions represent a valuable method for assessing genetic diversity. The analysis of the five loci provided important genetic information that will assist in germplasm collection and conservation of Melilotus. Table. Variable sites of the five sequences in the 18 species. The four colours represent the four canonical bases: green for adenine (A), blue for cytosine (C), purple for guanine (G) and orange-red for thymine (T). The symbol "▲" represents the sequence deletions from 1 to 188. (XLS)
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